Abstract. The pineal hormone melatonin influences the secretion of insulin by pancreatic islets via the G-protein-coupled melatonin receptors 1 and 2 that are expressed in pancreatic β-cells. Genome-wide association studies indicate that melatonin receptor 1B (MTNR1B) single nucleotide polymorphisms are tightly associated with type 2 diabetes mellitus (T2DM). However, the underlying mechanism is unclear. Raf-1 serves a critical role in the mitogen-activated protein kinase (MAPK) pathways in β-cell survival and proliferation and, therefore, may be involved in the mechanism by which melatonin impacts on T2DM through MTNR1B. In the present study, the mRNA expression of the two mouse insulin genes Ins1 and Ins2 was investigated in MIN6 cells treated with different concentrations of melatonin, and insulin secretion was detected under the same conditions. Following the overexpression or silencing of MTNR1B, the activities of components of the MAPK signaling pathway, including Raf-1 and ERK, were evaluated. The impact of MTNR1B knockdown on the melatonin-regulated insulin gene expression and insulin secretion were also investigated. The results demonstrated that exogenous melatonin inhibited the expression of insulin mRNA in the MIN6 cells. Insulin secretion by the MIN6 cells, however, was not affected by melatonin. The MAPK signaling pathway was inhibited in MIN6 cells by treatment with melatonin or the overexpression of MTNR1B. The knockdown of MTNR1B totally attenuated the regulating effect of melatonin on insulin gene expression.
Introduction
Genome-wide association studies (GWAS) in large cohorts with varying genetic backgrounds (1-3) have revealed that common variants of melatonin receptor 1B (MTNR1B), the gene encoding melatonin receptor 2 (MT2) have a high and reproducible association with a higher risk of impaired insulin secretion and increased fasting glucose levels. Particularly, when compared with 43 other glycemia-associated genetic loci, the MTNR1B variant appears to carry the strongest effect on diminished glucose-stimulated insulin secretion (GSIS) in isolated human islets (3) . The present research group demonstrated for the first time that the MTNR1B rs10830963(G/C) variant is strongly associated with type 2 diabetes mellitus (T2DM) in Han Chinese individuals (4) . Therefore, the MTNR1B gene is widely accepted as a diabetes risk gene.
Melatonin (5-methoxy-N-acetyltryptamine) is a hormone synthesized by the circadian system (5) that provides timing cues to tissues expressing melatonin receptors (6) . The endocrine pancreatic islet is known as an important melatonin target tissue that expresses melatonin receptors MT1 and MT2 in rodents and humans (7, 8) . It has been shown that melatonin and insulin secretion have an inverse association (9) . Rats and patients with T2DM exhibit decreased melatonin levels and slightly increased insulin levels (10, 11) It has been reported that growth factors, nutrients and hormones, including insulin-like growth factor-1, incretins, glucose, triiodothyronine, prolactin and insulin, require activation of extracellular signal-regulated kinase (ERK)1/2 and the phosphoinositide 3-kinase (PI3K)/Akt/mechanistic target of rapamycin signaling pathways to fully induce rodent β-cell replication (12, 13 response to increases in the levels of circulating glucose in order to enable efficient glucose utilization and storage (14) . various factors, including Raf-1 (15) , Src and sedoheptulokinase (16) , have been indicated to induce ERK1/2 to activate a downstream effect, among which Raf-1 is one of the potential activators of ERK1/2. The Raf/mitogen-activated protein kinase (MAPK)/ERK arm of the insulin signaling pathway serves critical roles in β-cell survival and proliferation (17) . Alejandro et al (15) demonstrated that low doses of insulin rapidly activated Raf-1 in human islets and MIN6 cells, and revealed that the phosphorylation of ERK by insulin was eliminated by exposure to a Raf inhibitor (GW5074) or transfection with a dominant-negative Raf-1 mutant. A study conducted by Pardo et al (18) revealed that adult Raf-1 kinase inhibitor protein 1 knockout mice exhibit a rapid reversal of streptozotocin-induced diabetes compared with control mice. Taking the aforementioned findings into consideration, it is unclear whether Raf-1/ERK pathway activation is affected by melatonin and its receptor MTNR1B in pancreatic β-cells, and consequently influences insulin synthesis and secretion.
Therefore, the present study explored the role of melatonin and its receptor in the regulation of the Raf-1/ERK pathway as well as insulin synthesis and secretion in MIN6 mouse insulinoma cells.
Materials and methods
Cell culture. MIN6 cells, a mouse pancreatic β-cell line, were generously provided by Dr Yang of Joslin Diabetes Center (Harvard Medical School, Boston, MA, USA). The MIN6 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, containing 25 mM glucose, 4.0 mM l-glutamine and 1.0 mM sodium pyruvate; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 15% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.), 2.5 mM β-mercaptoethanol, 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in 5% CO 2 . When the cells reached 65% attachment, they were synchronized using serum-free medium for 8 h. Insulin concentrations were measured in the supernatants following various incubation experiments via ElISA (cat. no. 90080; Crystal Chem, Inc., Downers Grove, Il, USA). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. The MIN6 cells were exposed to melatonin at concentrations of 0.01, 0.1, 1, 10 and 100 µM for 3 or 6 h. In subsequent inhibition experiments, 10 µM U0126, 5 µM GW5074 or 0.1% dimethylsulfoxide control was added to the medium 30 min prior to cell stimulation with melatonin. Following the treatments, total cellular RNA was extracted from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The samples were treated with reverse transcriptase kit (cat. no. 4374966; Thermo Fisher Scientific, Inc.) to synthesize cDNA. The reverse transcription was performed sequentially as follows: 25˚C for 10 min, 37˚C for 120 min, 85˚C for 5 min. qPCR was then performed with SYBR-Green Master mix on an ABI 7000 sequence detection system (both Applied Biosystems; Thermo Fisher Scientific, Inc.). The mRNA levels of the mice genes, insulin 1 (Ins1) and insulin 2 (Ins2), were normalized according to the levels of GAPDH. Primer sequences were as follows: Ins1 forward, 5'-CGTGTAAATGCCACTGAAGC-3' and reverse, 5'-CGGATGGACTGTTTGTAACCT-3'; Ins2 forward 5'-CTTCAGCCCCTCTGGCCATC-3' and reverse, 5'-GA A ACA ATGACCTGCT TGCTGAT-3'; GA PDH forward, 5'-AACTTTGGCATTGTGGAAGG-3' and reverse, 5'-ACACATTGGGGGTAGGAACA-3' . PCR cycling conditions were as follows: Pre-incubation at 95˚C for 10 min, followed by 40 cycles of denaturation for 15 sec at 95˚C, annealing for 60 sec at 60˚C, and extension for 60 sec at 72˚C; and finally, termination for 8 min at 72˚C. The expression levels of target genes were quantified according to the 2 -ΔΔCq method as previously described (19) .
Chemicals and reagents.
Western blot analysis. Following the various treatments, cells were harvested with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China) at 4˚C and lysates were centrifuged at 12,000 x g for 10 min. 5X sodium dodecyl sulfate (SDS) loading buffer (Beyotime Institute of Biotechnology) was added to the supernatant prior to denaturation at 100˚C for 10 min. A BCA kit (Beyotime Institute of Biotechnology) was used to determine the protein concentration in the supernatant. Following this, the protein extracts were separated (50 µg each sample) using 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. The membranes were blocked in Tris-buffered saline containing 0.05% Triton X-100 and 4% (w/v) milk for 2 h at room temperature. The membrane was incubated for 2 h at room temperature with anti-β-actin (dilution, 1:5,000) antibody or overnight at 4˚C with the other primary antibodies. The membranes were then incubated with secondary antibodies (cat. no. sc2955; dilution, 1:5,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at room temperature. visualization using enhanced chemiluminescence (Bio-Rad laboratories, Inc., Hercules, CA, USA) was performed. Protein expression levels were quantified by scanning the immunostaining bands and analyzing using labWork 4.5 image analysis software (UvP, llC, Upland, CA, USA). Each experiment was performed at least three times Plasmid package and transfection. To overexpress MTNR1B in MIN6 cells, the plasmid Gv341-MTNR1B was constructed. The cDNA sequence of human MTNR1B was amplified and sub-cloned into the AgeI and NheI sites of the Gv341 vector (Genomeditech, Shanghai, China) using the following primers: Forward 5'-TCC GGA ACG CAG GTA ATT TGT-3' and reverse 5'-GCC CAG CCG TCA TAG AAG AT-3'. The primers were synthesized by Shanghai GeneChem Co., ltd. (Shanghai, China). For short hairpin RNA (shRNA) vector construction, pairs of complementary oligonucleotides interfering with MTNR1B (shMTNR1B-1, shMTNR1B-2, and shMTNR1B-3) were synthesized by Shanghai GeneChem Co., ltd., annealed, and ligated into vector Gv248 (Genomeditech). The targeting sequences of MTNR1B were as follows: shMTNR1B-1, AGC TAC TTA CTG GCT TATT; shMTNR1B-2, AAC CAT GTT TGT GGT GTTT; and shMTNR1B-3, GAG CTT TCT AAC CAT GTTT. A non-targeting scrambled siRNA sequence (TTC TCC GAA CGT GTC ACGT) was used as a control.
For plasmid transfection, MIN6 cells were seeded into a six-well plate with a density of 5x10 5 cells/well. After 24 h when the cells were 60-70% confluent, the cells were transfected with shMTNR1B-1 (50 nM), shMTNR1B-2 (50 nM), shMTNR1B-3 (50 nM) or negative control in serum-free medium using lipofectamine 3000 ™ (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Following incubation for 12 h at 37˚C, the medium in each well was then replaced with DMEM, containing 15% heat-inactivated FBS for another 48 h. Following transfection, green fluorescence was used to observe the transduction efficiency.
GSIS in MIN6 cells in vitro.
The MIN6 cells were starved with DMEM (0.1% BSA and 3 mM glucose) overnight. Next, the cells were starved again with Krebs-Ringer Bicarbonate buffer containing 125 mM NaCl, 4.74 mM KCl, 1 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 5 mM NaHcO 3 , 25 mM HEPES (pH 7.4) and 3 mM glucose for 1 h. The medium was then changed to KRB with either 3 or 25 mM glucose. The medium was collected after 1 h, and the insulin concentration was measured using the aforementioned ElISA kit.
Statistical analysis. For statistical evaluation and the significance testing of differences, the results are expressed as the mean ± standard error of the mean. The nonparametric MannWhitney U test was performed with GraphPad software (version 6.0c; GraphPad Software, Inc., la Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference. Each experiment was performed for more than 3 times.
Results

Exogenous melatonin inhibits the expression of insulin mRNA in MIN6 cells.
To characterize the influence of melatonin on insulin gene expression, MIN6 cells were treated with 0.01, 0.1, 1, 10 or 100 µM melatonin for 3 or 6 h. Firstly, the mRNA levels of Ins1 were evaluated. Melatonin inhibited Ins1 gene expression potently and more strongly at the 6-h time point compared with the 3-h time point (Fig. 1A and B) . Melatonin decreased Ins1 mRNA expression with a nadir at 1 µM in dose-response experiments where Ins1 mRNA was significantly reduced by 67±7 and 81±3% at 3 and 6 h, respectively, compared with that in the untreated control cells (Fig. 1A and B) . Secondly, the impact of melatonin on Ins2 expression was investigated. Notably, melatonin was observed to exert much weaker effects on the expression of Ins2 than on the expression of Ins1 (Fig. 1Cand D) . Melatonin significantly decreased Ins2 mRNA expression by 12±1.6% when applied at a concentration of 1 µM for 3 h when compared with the untreated control (Fig. 1C) . There was also a 10±3.8% reduction of Ins2 mRNA expression following the 6-h treatment with 1 µM melatonin, but this reduction was not significant (P=0.057; Fig. 1D) .
In order to investigate the effects of melatonin on the secretion of insulin by the MIN6 cells, the insulin concentrations in the culture medium were measured using ElISA. The results demonstrated that treatment with various concentrations of melatonin for either 3 or 6 h had no effect on the quantity of insulin secreted by the MIN6 cells (Fig. 1E and F) . In some cases, MIN6 cells exhibit weak or no responsiveness to stimuli such as glucose (20) . To validate the responsiveness of the MIN6 cells to stimuli in the present study, in vitro GSIS experiments were performed. The results demonstrated that 25 mM glucose significantly increased insulin secretion by 1.78-fold compared with 3 mM glucose (Fig. 1G) , indicating the satisfactory responsiveness of the MIN6 cells used in the present study to stimuli.
Melatonin inhibits the activation of Raf-1 in MIN6 cells.
To investigate whether melatonin is capable of regulating the MAPK signaling pathway in MIN6 cells, the activities of two components of the pathway, namely Src and Raf-1 were evaluated. Western blot analysis revealed that treatment with 1 µM melatonin for 3 h did not change the phosphorylation levels of Src ( Fig. 2A) . A study by Alejandro et al (15) demonstrated that Raf-1 is activated by dephosphorylation at serine 259 and phosphorylation at serine 338 in human islets, mouse islets and MIN6 cells. The phosphorylation levels at the Ser338 and Ser259 sites of Raf-1 were detected in the present study. The results indicated that the phosphorylation of Raf-1 at the promotional site Ser338 was significantly decreased by melatonin; the phosphorylation of Raf-1 at the inhibitory site Ser259, however, was significantly increased (Fig. 2B and C) , which suggests that the activation of Raf-1 was repressed by the administration of melatonin.
Melatonin acts via MTNR1B and the Raf-1/ERK signaling pathway.
The aforementioned results show that melatonin repressed the activation of Raf-1 (Fig. 2) . In order to clarify whether MTNR1B participates in the melatonin-induced regulation of Raf-1 activity, MTNR1B was overexpressed and silenced, respectively, in MIN6 cells, and then the regulation of the activities of Raf-1 and ERK by melatonin was investigated. MIN6 cells were transfected with lentivirus overexpressing MTNR1B or shRNA targeting MTNR1B for 48 h, treated with 1 µM melatonin for 3 h, and then the levels of phosphorylated Raf-1 and ERK were detected. The overexpression of MTNR1B resulted in decreased phosphorylation of Raf-1 at Ser338 and increased phosphorylation at Ser259 (Fig. 3A and B) , along with reduced phosphorylation of ERK (Fig. 3C and D) , indicating that inactivation of the Raf-1/ERK signaling pathway had occurred. By contrast, the knockdown of MTNR1B led to the activation of Raf-1/ERK signaling due to increased phosphorylation of Raf-1 at Ser338, decreased phosphorylation of Raf-1 at Ser259 as well as increased phosphorylation of ERK (Fig. 4A-D) .
To determine whether MTNR1B was involved in the melatonin-induced regulation of insulin expression, Ins1 and Ins2 gene expression was detected following the knockdown of MTNR1B expression, and the insulin levels in the culture medium were also measured. The data indicated that following the knockdown of MTNR1B, the effects of melatonin on Ins1 and Ins2 expression were totally attenuated (Fig. 4E) , suggesting that melatonin regulated insulin gene expression via MTNR1B. Insulin secretion by the cells was not affected by the manipulation of MTNR1B (Fig. 4F) , consistent with the observation that melatonin exerted no effects on insulin secretion ( Fig. 1E and F) .
To identify whether melatonin exerted its effect on insulin gene expression through the Raf-1/ERK signaling pathway, the impact . Proposed schematic for the melatonin/MTNR1B/Raf-1/ERK signaling pathway in MIN6 cells. Melatonin binds to the MT2 receptor followed by reduced cAMP production and PKA inhibition. In turn, this inactivates the Ras/Raf-1/ERK pathway, eventually decreasing insulin gene transcription. MTNR1B, melatonin receptor 1B; MT2, melatonin 2; cAMP, cyclic adenosine monophosphate; PKA, cAMP-dependent protein kinase; MEK, migotenactivated protein kinase kinase; ERK, extracellular signal-regulated kinase. Figure 5 . Effect of inhibition of (A) Raf-1 or (B) ERK activity on melatonin-regulated insulin gene expression. MIN6 cells were cultured with 5 µM Raf-1 inhibitor GW5074, or 10 µM ERK inhibitor U0126 for 30 min prior to 1 µM melatonin administration for 3 h. RNA was extracted and then the expression levels of Ins1 and Ins2 were determined by reverse transcription-quantitative polymerase chain reaction; ERK, extracellular signal-regulated kinase; Ins1, insulin 1; Ins2, insulin 2, * P<0.05 as indicated.
of melatonin on Ins1 and Ins2 expression was investigated after blocking the activity of Raf-1 and ERK using the chemical inhibitors GW5074 and U0126, respectively. Compared with the blank group, melatonin significantly suppressed the expression of Ins1 mRNA; however, when the activity of Raf-1 or ERK was blocked, the effect of melatonin on Ins1 mRNA levels was markedly attenuated (Fig. 5) . The mRNA levels of Ins2 were decreased weakly by melatonin administration, and the two inhibitors slightly attenuated this effect of melatonin (Fig. 5) . These data indicate that melatonin regulates the mRNA levels of Ins1 and Ins2 via the Raf-1/ERK signaling pathway.
Discussion
The study of melatonin-insulin interactions has revealed an inverse association between these two hormones (21) . As previously mentioned, type 2 diabetic rats and humans exhibit increased plasma levels of insulin, and decreased melatonin levels (10, 11) . Type 1 diabetic rats exhibit extremely reduced levels or the absence of insulin, but statistically significant increases in melatonin levels (22) . These results are in agreement with observations that the pinealectomy of rodents caused hyperinsulinemia (23) , and that following perfusion with melatonin, stimulated insulin secretion was inhibited in the pancreatic islets of normoglycemic Wistar and type 2 diabetic Goto-Kakizaki rats (24) . Ramracheya et al (25) observed that melatonin inhibits glucose-stimulated insulin release from MIN6 cells. In the present study, the effects of melatonin on the expression of Ins1 and Ins2 genes in MIN6 cells were investigated and the results revealed that melatonin exerted a potent inhibitory effect on Ins1 mRNA, but a much weaker one on Ins2 mRNA expression. The treatment of MIN6 cells with 1 µM melatonin for 6 h reduced Ins1 mRNA expression by 81±3%. The maximum effect of melatonin on Ins2 mRNA expression was observed following incubation with 1 µM melatonin for 3 h, with a reduction of 12±1.6%. The two mouse preproinsulin genes are located at different chromosomes, at chromosome 19 for Ins1 and chromosome 7 for Ins2, respectively (26) . Regarding the disparity of the response to melatonin between Ins1 and Ins2, it may be speculated that melatonin preferentially regulated Ins1 expression. In addition to the expression of insulin at the genetic level, the regulation of the secretion of insulin by melatonin was also investigated in the present study. Notably, the results demonstrated that the treatment of MIN6 cells with different concentrations of melatonin for 3 or 6 h had no effect on the amount of insulin secreted by the cells. However, when the MIN6 cells were cultured in DMEM with 25 mM glucose, the high concentration of glucose potently stimulated insulin secretion. It may be assumed that the high concentration of glucose came up with a high threshold for insulin secretion to other stimuli, which may have resulted in the MIN6 cells being unresponsive to melatonin. Previous studies concerning the impact of melatonin on insulin secretion are conflicting. Although the inhibitory effect of melatonin is predominant (27, 28) , there are studies indicating that melatonin has neutral or stimulatory effects on insulin secretion (29, 30) .
GWAS have revealed that the gene for the MT2 receptor is a locus with a high and reproducible association with a higher risk of impaired insulin secretion and increased fasting glucose levels (2, 3) . The transcriptional and protein levels of MT1 and MT2 have been demonstrated to be significantly higher in the pancreatic tissues from patients with T2DM compared with those from metabolically healthy controls (31) . These results are in accordance with the detection of increased MT2 receptor mRNA expression in the islets of individuals carrying the T2DM risk allele (3) . A European cohort study (32) identified that rare MTNR1B variants causing impairment of the function of MTNR1B contributed to type 2 diabetes. It may be hypothesized that melatonin, when combined with the functional impairment of MTNR1B, would exert a more pronounced effect on the increased risk of T2DM.
The mechanism by which melatonin affects the stimulation of insulin secretion through MT2 is unclear. According to Picinato et al (33) , melatonin regulates the growth and differentiation of pancreatic cells by activating two intracellular signaling pathways: PI3K/Akt and MEK/ERK. Therefore, the impact of melatonin on the MAPK signaling pathway was investigated in the present study.
MT receptors have been reported to couple with Giα-proteins, which inhibit the production of cyclic adenosine monophosphate (cAMP) (34) . Melatonin has been shown to reduce the production cAMP in INS1 cells, resulting in diminished insulin release (30) . It is well established that cAMP and its principal target, the cAMP-dependent protein kinase (PKA), are extensively involved in the impact of hormones on metabolic pathways, as well as cell growth and proliferation (35) . MAPK, also known as ERK, is a target of cAMP that is activated or inhibited by cAMP in a cellspecific manner (35) . ERKs are intracellular signaling molecules involved in the regulation of cell proliferation and other cellular functions (36) . It has been reported that ERK1/2 are required for the stimulatory effect of glucose on insulin gene transcription (14) . To elucidate the mechanism underlying the impact of melatonin on insulin transcription and secretion, the regulation of the MAPK signaling pathway by melatonin and its receptor MTNR1B was investigated. The Src/Ras-related protein 1/B-Raf and Ras/Raf-1 pathways are two upstream cascades converging on ERKs (35) . Insulin secretion has been shown to be significantly reduced in mouse β-cell Raf-1-knockout islets (37) . An association of Src kinases with insulin secretion has also been reported (16) . Therefore, whether the activity of Src and/or Raf-1 is regulated by melatonin was investigated in the present study. The data demonstrated that the phosphorylation of Src was not affected by melatonin, whereas Raf-1 was strongly inactivated by the administration of melatonin to MIN6 cells, implying that the effect of melatonin on the MAPK pathway was mediated by Raf-1, not via Src. In a study by Kowluru et al (38) , the overexpression of Raf-1 led to a significant glucose-mediated activation of ERK1/2 in INS 832/13 cells, and the pharmacological inhibition of Raf-1 kinase markedly reduced the stimulatory effects of glucose on ERK1/2 phosphorylation and insulin secretion. In the present study, it was observed that following the inhibition of the activity of Raf-1 or ERK using chemical inhibitors, the effects of melatonin on the mRNA expression of Ins1 and Ins2 in MIN6 cells were attenuated, suggesting the involvement of the Raf-1/ERK pathway in melatonin-regulated insulin gene transcription. Since the majority of melatonin's functions are fulfilled through its receptors (39) , it was next determined whether the MT2 receptor participated in the melatonin-induced regulation of Raf-1/ERK signaling. It was observed that the overexpression of MTNR1B significantly decreased Raf-1 and ERK activities in the melatonin-treated MIN6 cells, whereas the knockdown of MTNR1B resulted in significant activation of Raf-1/ERK signaling. Notably, following MTNR1B silencing, the effect of melatonin on insulin gene transcription was totally attenuated. Based on all the data in the present study, a melatonin/MT2 receptor/Raf-1/ERK signaling pathway for the regulation of insulin gene expression in MIN6 cells is proposed, which is illustrated in Fig. 6 . In this, melatonin binds to the MT2 receptor, which reduces cAMP production and PKA inhibition, in turn inactivating the Ras/Raf-1/ERK pathway, and eventually decreasing insulin gene transcription.
In conclusion, the present study provides evidence that melatonin inhibits insulin gene expression in MIN6 mouse pancreatic β-cells, but has no effect on insulin secretion. The present data also indicate for the first time that melatonin, via its receptor MT2, exerts an inhibitory effect on the Raf-1/ERK pathway in MIN6 cells.
